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Since monumental studies from scientists like His, Ramon y Cajal, Lorente de No and 
many others have put down roots for modern neuroscience, the scientific community has 
spent a considerable amount of time, and money, investigating any possible aspect of the 
evolution, development and function of neurons. Today, the complexity and diversity of 
myriads of neuronal populations, and their progenitors, is still focus of extensive studies 
in hundreds of laboratories around the world. However, our prevalent neuron-centric 
perspective has dampened the efforts in understanding glial cells, even though their 
active participation in the brain physiology and pathophysiology has been increasingly 
recognized over the years. Among all glial cells of the central nervous system (CNS), 
oligodendrocytes (OLs) are a particularly specialized type of cells that provide fundamental 
support to neuronal activity by producing the myelin sheath. Despite their functional 
relevance, the developmental mechanisms regulating the generation of OLs are still poorly 
understood. In particular, it is still not known whether these cells share the same degree 
of heterogeneity of their neuronal companions and whether multiple subtypes exist within 
the lineage. Here, we will review and discuss current knowledge about OL development 
and function in the brain and spinal cord. We will try to address some specific questions: 
do multiple OL subtypes exist in the CNS? What is the evidence for their existence and 
those against them? What are the functional features that define an oligodendrocyte? 
We will end our journey by reviewing recent advances in human pluripotent stem cell 
differentiation towards OLs. This exciting field is still at its earliest days, but it is quickly 
evolving with improved protocols to generate functional OLs from different spatial origins. 
As stem cells constitute now an unprecedented source of human OLs, we believe that 
they will become an increasingly valuable tool for deciphering the complexity of human OL 
identity. 
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INTRODUCTION 

One of the main challenges of modern neurobiology is discov- 
ering how cellular diversity in the brain emerges during devel- 
opment. Together with synaptic plasticity, neuronal diversity is 
the mantra that supports a functional complexity that would 
otherwise be difficult to explain. In the last decade we can find 
many examples that have taught us about the importance of 
dissecting the nervous system into small groups of neuronal 
subtypes, and, sometimes, even subtypes of subtypes. Years of 
studies on the generation and specification of neuronal iden- 
tity in the spinal cord, retina and cerebral cortex have revealed 
common and divergent paths that lead to the establishment of 
extremely intricate networks (Livesey and Cepko, 2001; Arlotta 
et al., 2005; Migliore and Shepherd, 2005; Tomassy et al., 2010; 
Belgard et al., 2011). Understanding how mUlions of different 
neurons develop, integrate and eventually function as a whole 
is not just a mere intellectual exercise aimed at satisfj'ing our 



Faustian aspirations, but it may also have direct consequences 
for our clinical approach to disease. A very recent example of 
this comes from studies on Rett syndrome, a neurodevelopmental 
disorder caused by mutations in the gene Mecp2 (Bienvenu and 
Chelly, 2006; Chahrour and Zoghbi, 2007). Although Mecp2 is 
expressed by many different types of neuronal and non neuronal 
cells (Kishi and Macklis, 2004; Caballero and fiendrich, 2005), 
its loss apparently does not affect all brain areas in a similar way 
(Tudor et al., 2002; Chahrour and Zoghbi, 2007). 

However, neurons are not the only citizen in the nervous 
system where, although the proportion is still controversial, a 
significant fraction is represented by glial cells (Pakkenberg and 
Gundersen, 1988; Azevedo et al., 2009; Kandel et al., 2012). In the 
central nervous system (CNS), glial cells come in three flavors: 
astrocytes, oligodendrocytes (OLs) and microglia (Verkhratsky 
and Butt, 2007; Stern, 2010). The many roles for this "adhe- 
sive" type of cells have recently begun to attract a well-deserved 
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attention (the number of glia-centered articles tripled in the 
last 30 years according to NCBI). Despite the fact that neu- 
rons are critically supported by glial cells in the generation of 
active synapses and without glia would not communicate in a 
timely manner, just to name some of the glial contribution to 
neuronal function (Baumann and Pham-Dinh, 2001; Clarke and 
Barres, 2013), neuroscience, as its name suggests, is still strongly 
neuron-centric. However, neuronal diversity would mean nothing 
without the 24/7 support of their glial partners. In light of all 
this, one obvious question stands up for an answer: are glial 
cells as diverse as neurons? In other words how many types of 
astrocytes exist? How many OLs? And if multiple types exist, 
how much diversity exists among the progenitors that give rise 
to glial cells? Astrocytes seem to constitute a fairly heterogeneous 
population of cells (Zhang and Barres, 2010), but our knowledge 
about OL stUl lags far behind. Here we will focus on this type of 
glial cells, and their progenitors oligodendrocyte progenitor cells 
(OPCs), that are in charge of making the myelin sheath. Currently, 
there is much debate ongoing on whether OPCs constitute a 
homogeneous population of cells or whether different subtypes 
exist, as would be suggested based on different molecular and 
functional parameters (Gensert and Goldman, 2001; Dimou et al., 
2008; Rivers et al, 2008; Lin et al., 2009; Psachoulia et al., 2009). 
Here, we will first review the different developmental origins of 
OPCs and the multiple lineages to which they belong. We will 
then review what is known about OL ability to produce the myelin 
sheath. We will then consider the evidences about some of the 
"other" functions of OL and how they may suggest the existence 
of multiple cell types, or subtypes. As stated before, these are not 
trivial issues, whose implications may also have clinical relevance, 
considering how many developmental and degenerative diseases 
affect the maturation and survival of OLs and their fatty mem- 
brane (Di Rocco et al, 2004; Trapp and Nave, 2008). We will end 
our article by reviewing current technical advances in generating 
OPCs and OLs in a dish, for therapeutic purposes, and we will 
speculate on the implications of a yet unexplored heterogeneity 
on such studies and on our understanding of human myelin 
pathologies. 

SPACE ODDITY. DIFFERENT SITES OF ORIGIN FOR THE 
MYELINATING CELLS 

Although the spatial origin of OLs has long been debated 
(Richardson et al., 2006), a consensus has now been reached about 
the dual nature of these cells as deriving from both ventral and 
dorsal domains of the neuraxis. Here, we will briefly review our 
current knowledge about four regions of the murine CNS, namely 
the neocortex, the olfactory bulbs (OB), the cerebellum and the 
spinal cord, and we wiU try to summarize and highlight common 
themes and divergent paths. 

NEOCORTEX 

The migratory fluxes that contribute to the formation of the 
neocortical wall have been matter of extensive research over the 
last decades. During development, two major streams contribute 
to the building of the cortical structure: a radial one, perpen- 
dicular to the pia, that starts in the proximity of the ependymal 
surface and a tangential one, that runs over long distances starting 



in the germinal zones of the ventral telencephalon. Classically, 
cortical projection neurons, born in the VZ and subventricular 
zone (SVZ) of the cortical primordium, migrate radially, while 
GABAergic cortical interneurons migrate tangentially from the 
medial and caudal ganglionic eminences (MGE, CGE) of the 
ventral telencephalon and enter the cortical primordium through 
two main tangential streams (Marin and Rubenstein, 2001, 2003). 
Although it was thought for a long time that cortical OLs orig- 
inated only in the ventral telencephalon (Tekki-Kessaris et al., 
2001), Kessaris et al. (2005) subsequently demonstrated the exis- 
tence of three different migratory paths, each belonging to a 
different cell lineage (Figure 1 ) . Two of these migratory paths, cor- 
responding to Gsx2+ and Nkx2.1+ cell lineages, originate in the 
lateral ganglionic eminence (LGE) and in the MGE, respectively, 
whUe a third one, Emxl+ lineage, originate within the cortical 
anlage itself In the adult cortex, the Gsx2 and the Emxl waves are 
the only two lineages contributing to myelination, as the Nkx2.1- 
derived OPCs apparently do not give rise to any myelinating OL, 
and they disappear after the first week of postnatal life (Kessaris 
et al, 2005). 

OLFACTORY BULBS 

Very little is known about the origin of OLs of the OB. Experimen- 
tal evidences including heterotopic, heterocronic transplantations 
as well as genetic fate mapping point at an intrinsic source of 
these cells, although additional and more conclusive analysis has 
not been conducted yet (Spassky et al., 2001). In the postnatal 
mouse brain, NG2+ progenitor cells in the SVZ migrate through 
the rostral migratory stream (RMS) and give rise to OB oligo- 
dendrocytes as well as neurons (Aguirre and Gallo, 2004). In 
addition, it has been shown that these SVZ-derived OPCs belong 
to the Mashl+ lineage (Figure 1). Indeed, Mashl mutant mice 
showed a dramatic decrease of OPCs in the OBs (Parras et al., 
2004). 

CEREBELLUM 

In the chicken brain, cerebellar OLs originate in the parabasal 
bands of the ventral mesencephalum, from which they migrate 
tangentially and enter the developing cerebellum through the 
velum meduUare (Mecklenburg et al., 2011). In the murine 
cerebellum, AscU -expressing OLs originate outside the cerebellar 
germinal epithelium, although the exact region still needs to be 
identified (Buffo and Rossi, 2013; Figure 1). As in the neocortex 
and in the spinal cord (see below), a dorsal, intracerebellar source 
of OLs cannot be ruled out and some evidence suggest that at 
least some OLs may indeed originate within the local germinal 
zones: by injecting a beta-galactosidase expressing retrovirus into 
post-natal deep germinal zone of the rat cerebellum, Zhang and 
Goldman showed that many labeled cells gave rise to OLs. How- 
ever, this endogenous production of cerebellar OLs ceases by the 
third week of post-natal life (Zhang and Goldman, 1996; Grimaldi 
et al, 2009; Sudarov et al, 2011; Zhang et al, 2011). 

SPINAL CORD 

In the spinal cord two regions have been recognized as sources 
of OLs. The first one, lying within the expression territory of 
the transcription factors Nkx6.1 and Nkx6.2 (Cai et al, 2005; 
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FIGURE 1 I Multiple progenitors, one myelin? (Top) OPCs have 
different birthdates and spatial origins in the embryonic and postnatal 
mouse brain and spinal cord (Image credit: Allen Institute for Brain 
Science, www.alleninstitute.org). How diverse are these multi-lineage 
OPC cells, and do they give rise to different groups of myelinating OLs? 
The myelin stained sagittal section on the bottom has been downloaded 



from the Brain Architecture Project (http://mouse.brainarchitecture.org) 
and licensed under a Creative Commons (CC) Attribution-ShareAlike 3.0 
Unported License (http://creativecommons.Org/licenses/by-sa/3.0/). OB, 
olfactory bulb; CP cortical plate; BG, basal ganglia; Cb, cerebellum; SC, 
spinal cord; Ncx, neocortex; Str, striatum; Th, thalamus. Scale bar, 
1 mm. 
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Fogarty et al, 2005; Vallstedt et al, 2005) is located in the pMN 
domain of the embryonic cord, where the transcription factor 
01ig2 regulates the generation of both OLs and motor neurons 
(Rowitch et al, 2002) and accounts for 85% of all spinal cord OLs 
(Richardson et al., 2006). However, OLs are still generated in the 
Nkx6 knockout spinal cord, suggesting that other sources exist in 
the developing cord (Cai et al, 2005; Vallstedt et al, 2005). Indeed, 
fate mapping experiments using a Dbxl -driven Cre reporter line 
confirmed the existence of a smaller but consistent group of cells 
that are born in the dP3 to dP5 dorsal domains of the cord 
(Fogarty et al., 2005; Figure 1). 

TIME IS ON MY SIDE. MULTIPLE DEVELOPMENTAL STAGES 
OFOLIGODENDROGENESIS 

The emerging picture shows that OLs originate in many different 
regions along the rostro-caudal and dorso-ventral axes of both 
brain and spinal cord. Furthermore, these cells are generated at 
different times during both embryonic and post-natal develop- 
ment. In the spinal cord, generation of ventral progenitors starts 
around embryonic (E) day 12.5, while the first dorsal progenitors 
are generated at approximately E14.5 (Cai et al., 2005). By then, 
the only OPCs that can be found in the neocortex belong to 
the Nkx2.1 lineage, while Gsx2+ OPCs have not reached the 
cortical plate yet (Kessaris et al., 2005), and 01ig2+ cells can 
be already detected in the developing cerebellum (Buffo and 
Rossi, 2013). Meanwhile, Emxl+ progenitors in the develop- 
ing neocortical wall are still producing projection neurons of 
the upper layers, with their gliogenic potential still on standby 
(Angevine and Sidman, 1961; Gorski et al., 2002) and waiting 
to give rise to OLs only at birth (around PO) (Kessaris et al., 
2005; Figure 1). Aside from the Emxl'*' lineage, that produces 
neocortical OLs postnatally, all other OPCs are born embryoni- 
cally, and their "myelination potential" (the actual formation of 
a compact myelin envelope) is "released" gradually, following a 
spatio-temporal sequence that is a developmental signature for 
any given species (Baumann and Pham-Dinh, 2001). In mice, 
this sequence starts in the spinal cord at birth and follows 
a caudorostral direction toward the brain, with the neocortex 
being the last region to be myelinated. In humans, myelination 
begins at midgestation in the spinal cord, and continues for at 
least the first two decades of life (Baumann and Pham-Dinh, 
2001). 

THE SONG REMAINS THE SAME. MANY 
OLIGODENDROCYTES, ONE MYELIN? 

Does this spatial and temporal heterogeneity produce a het- 
erogeneous population of OLs? If we look at neurogenesis, the 
birthdate and place of origin of a neuron are typically linked 
to its identity and function. A classical example comes from the 
neocortex. Here, glutamatergic projection neurons and GABAer- 
gic interneurons are born in the germinal zones of two distant 
regions of the developing telencephalon, the dorsal neocorti- 
cal epithelium and the MGE and CGE of the ventral telen- 
cephalon, respectively (Marin and Rubenstein, 2003; Xu et al., 
2004; Butt et al, 2005; Molyneaux et al, 2007). MGE-derived 
interneurons comprise two types of cells with very distinct 



molecular and functional features, i.e., Nkx2.1+/Parvalbumin+ 
and Nkx2.1+/Somatostatin+ interneurons (Butt et al., 2008), that 
in turn can be further subdivided into different subtypes, mainly 
based on their electrophysiological properties (Ma et al, 2006; 
Runyan et al., 2010). Since a cohort of neocortical OPCs also 
belongs to the Nkx2.1+ lineage (Corbin et al., 2001; Marin and 
Rubenstein, 2001; Kessaris et al., 2005), it is tempting to hypoth- 
esize that these cells might also share some level of heterogeneity, 
like their neuronal counterparts in the lineage. Remaining within 
the borders of this audacious analogy, Emxl+ glutamatergic 
neuron identity is strongly correlated to their birthdate, such that 
neurons born first, between E12.5 and E13.5 become corticofugal 
projection neurons of the deep layers of the neocortex, while late 
born cells become commissural projection neurons of the super- 
ficial layers (Molyneaux et al., 2007). Thus, an obvious question is 
whether Emxl"*" neocortical OLs born at different times also have 
different cellular identities and/or functions. Also, how different 
are the Emxl"*" OLs from the Gsx2+ OLs? Nicoletta Kessaris 
and William Richardson crossed a SoxlO-lox-GFP-poly(A)-lox- 
DTA mouse line with either a Gsx2-Cre or an Emxl-Cre effector 
line. The conditional excision of the GFP activated the DTA in 
selected cells and killed them (Kessaris et al., 2005). With this 
elegant approach, the authors showed that ablation of one type 
of OLs, e.g., Gsx2-derived or Emxl-derived, does not affect the 
final number of SoxlO+ cells (i.e., all OLs) nor the level of 
myelination in every region analyzed, including the neocortex. 
Thus, when one precursor pool of OLs is lost, the other one 
may compensate for its absence, implying that these cells are fully 
interchangeable and functionally equivalent. On the other hand, 
however, the same group has recently demonstrated that, in the 
spinal cord, dorsally and ventrally-derived OLs are not equally 
able to myelinate the dorsal corticospinal tract (CST), which runs 
in the dorsal funiculus of the cord. The authors showed that the 
CST is mainly myelinated by dorsally-derived OLs, that within the 
first 2 months of post-natal life outnumber and almost completely 
replace their ventrally-derived partners (Tripathi et al, 2011). 
Thus, in the spinal cord, OLs with different spatial and temporal 
origins may be differentially able to myelinate neighboring axons, 
suggesting that at least part of their identity must be affected 
by their developmental history. Although the reasons for this 
have not been investigated, one possibility is that dorsal and 
ventral OLs may express different "codes" of molecules (e.g., 
membrane receptors) that may govern interactions with specific 
neuronal subtypes (e.g., corticospinal motor neurons). Indeed, it 
is widely accepted that OL development and myelin biogenesis 
are strongly influenced by neuron-derived signals (Barres and 
Raff, 1999; Stevens et al, 2002; Nave and Salzer, 2006; Taveggia 
et al., 2010; Wake et al., 2011). However, one may speculate 
that for the same reasons, different OLs myelinating sequential 
segments of one single CST axon, must share some common 
traits, regardless of their origin or birthdate. This is puzzling, 
considering the remarkable length of the CST and the different 
regions of the brain and spinal cord that it runs through (Arlotta 
et al., 2005; Martin, 2005). Further research on the interactions 
between multiple OLs lineages and long axons like the CST are 
certainly desirable, and will further expand our understanding of 
neuron-oligodendrocyte biology. 
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Within the neocortical gray matter, the scenario is even more 
compeUing, as suggested by a very recent paper from the lab- 
oratory of Paola Arlotta, in which we have shown that while 
Pdgfra+ OPCs populate all layers of the neocortex, their abil- 
ity to generate mature APC"*" /Pip 1+ OLs is dependent on their 
laminar position within the neocortex; accordingly, the amount 
of myelin found in the superficial layers is dramatically lower 
as compared to the deep layers (Tomassy et al., 2014; Figure 2). 
What are the reasons for this uneven distribution of myelinating 
cells in the neocortical wall? Superficial layers (II-IV) mostly 
contain commissural pyramidal neurons (CPN), that connect 
the two hemispheres of the brain as well as different cortical 
areas within the same hemisphere. Deep layer V and VI, instead, 
contain corticofugal pyramidal neurons (CFuPN), connecting 
the cortex with subcerebral and subcortical targets (Molyneaux 
et al., 2007, 2009). We showed that the layer-specific ability of 
neocortical OPCs to give rise to myelinating OLs is affected 
by the neuronal subtype present in their immediate proximity. 
Specifically, by changing the position of deep layer pyramidal 
neurons within the cortical wall, OLs redistribute and the myeli- 
nation profile of the cortex changes accordingly; for example, in 
the Dabl~/^ neocortex, where layers are nearly inverted, (i.e., 
deep layer neurons are located in the upper part of the cortex, 
while upper layer neurons are located in the deep layers) (Sweet 
et al, 1996; Ware et al, 1997), both OLs and myelin lose their 
gradient profile and instead cover the full extent of the cortex 
(Figure 2; Tomassy et al., 2014). Thus, our study suggests that 



different combinations of neuron-oligodendrocyte interactions 
may exist in different layers of the cortex; however, also layer- 
specific cell-autonomous differences among neocortical OPCs 
and/or OLs may not be ruled out. As a matter of fact, regional 
differences in OPCs behavior have been previously reported by 
several groups. Marsupials are a great model to study oligoden- 
drogenesis, because of the extended development of their CNS, 
and a temporal analysis of CNPase expression on glia revealed a 
heterogeneous distribution of CNPase^ cells over time, with only 
a transient expression in certain areas such as the optic pathway 
(Barradas et al., 1998). Magdalena Gotz and Leda Dimou used 
genetic fate mapping in mice to follow the fate of 01ig2"'" cells in 
the adult brain and showed that these cells generate myelinating 
OLs in the white matter, but remain as NG2+ postmitotic cells 
in the gray matter (Dimou et al, 2008). They later went on 
and performed homo and heterotopic transplantation of trace- 
able cells from adult gray and white matter to demonstrate that 
there are intrinsic differences between the progenitors residing in 
these two different environments; more specifically, only white 
matter-derived cells can efficiently generate myelinating OLs in 
both white and gray matter, while cells from the gray matter 
have a lower differentiation potential and fail to differentiate in 
a non-supportive environment such as the gray matter (Vigano 
et al., 2013). A plausible way to explain those regional differ- 
ences is to assume that the OL population is heterogeneous. The 
existence of different types of OLs has actually been suggested 
from the very first work of Del Rio Ortega, which described four 
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FIGURE 2 I Neocortical OPCs of different layers are not equally able to 
give rise to myelinating OLs. Schematic representation of laminar 
distribution of PDGFRa+ OPCs, APC+ OLs, MBP+ myelin, CTIP2+ 
corticofugal (CFuPN) and Cuxl+ commisural (CPN) projection neurons in the 
neocortex of (left) WT and (right) Dabl^/^ mice. OPCs are uniformly 



distributed in all layers of the cortex, but only in layer IV to VI they generate 
mature, myelin-forming OLs. In the nearly inverted cortex of the DABl 
mice, both mature OLs and myelin are found in the most superficial part of 
the cortex, suggesting that repositioning of deep layer CFuPN has shaped the 
myelin profile of the neocortex. 
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types of OLs, identified by morphology and number of processes 
(del Rio Hortega, 1928). Later studies highlighted a correlation 
between the different types of OLs and the size of the axons 
myelinated by them, showing that small/highly ramified type I- 
II OLs, expressing carbonic anhydrase II (CAII), preferentially 
myelinate small caliber axons, while type III-IV larger OLs, with 
only one or two processes and negative for CAII myelinate large 
fibers (Butt et al., 1995). In addition, OLs have been divided 
into subsets according to the distribution of myelin basic pro- 
teins within their cytoplasm, nucleus and plasmalemma (Hardy 
et al., 1996). More recentiy, the development of sophisticated 
imaging techniques has been helpful to dissect OL heterogeneity; 
for example, using a computerized cell tracing system, Murtie 
et al. (2007) identified in the mouse frontal cortex an unknown 
subpopulation of OLs with numerous processes and short myelin 
internodes. 

All together, these studies strongly support the existence of 
at least some level of heterogeneity within the oligodendrocyte 
lineage. 

Understanding such diversity is crucial, giving the direct clin- 
ical implications that this might have: for example, it is well 
known that in multiple sclerosis (MS) there are two types of 
lesions, depending on the stage of disease, those with depletion 
of OPCs and those with normal number of OPCs that fail to 
differentiate and myelinate (Chang et al., 2002; Franklin, 2002). 
Although multiple reasons may account for these differences, 
one possibility is that different types of OPCs behave differ- 
ently upon demyelinating conditions; this has been also sug- 
gested by studies showing that, upon demyelination of the rat 
spinal cord, two different populations exist, dividing and non- 
dividing OPCs, that respond differently to the demyelinating 
event (Keirstead et al, 1998). Also, the analysis of periventricular 
white matter injury (PWMI) in the ovine model brought to 
light the existence of areas more vulnerable to ischemia, due 
to a lower degree of maturity of the residing glia cells, sug- 
gesting that a more extensive maturation of OLs could protect 
infants from PWMI (Riddle et al., 2006). To note, an interesting 
study emphasizes the concept of regional differences in relation 
to cell replacement therapies, since different areas of the brain 
show specific sensitivity to irradiation, resulting in different lev- 
els of OPCs depletion and consequently in a variable degree 
of repopulation of the irradiated areas (Irvine and Blakemore, 
2007). 

HEY HEY, WHAT CAN I DO? WHAT DO OLIGODENDROCYTES 
(AND THEIR PROGENITORS) DO, APART FROM MAKING 
MYELIN? 

Apart from their neurotransmitter system of choice and the 
networks where they integrate, all neurons have the same basic 
constituents: a cell body, an axon and multiple dendrites, and 
more importantly an excitable membrane, which is probably the 
most peculiar feature of this cell type. If we look at OLs, the 
most peculiar feature of these cells is their ability to wrap their 
plasma membrane around axons and form the myelin sheath. 
However, what else do we know about them? Are there proper- 
ties by which one could distinguish cell subtypes or functional 
specializations? 



OPCs have been described to share some "neuron-like" 
electrical features, such as expression of ion channels and ability 
to fire single action potentials, in vitro and in vivo (Kettenmann 
et al, 1984; Barres et al, 1990a,b; Bergles et al., 2010; Almeida 
and Lyons, 2013; Sun and Dietrich, 2013). In the white and gray 
matter of the mouse forebrain, OPCs have distinct physiological 
properties and express different profiles of Na"*" and K+ channels. 
More importantly, a group of cells in the gray, but not white 
matter, responds with single, TTX-sensitive spikes upon depolar- 
izing current injections. This spiking population of cortical NG2''" 
cells also expresses functional AMPA receptors (Chittajallu et al., 
2004). This is similar to what has been found in the rat hippocam- 
pus, where OPCs receive both glutamatergic as well as GABAergic 
synaptic inputs (Bergles et al., 2000; Lin and Bergles, 2004). These 
data seem to suggest that these physiological properties are not 
a common trait of the OL lineage, but rather a specialization of a 
subtype of cells of the gray matter, that may distinguish them from 
OPCs located in the white matter. However, in the white matter 
of the early postnatal rat cerebellum, two distinct populations of 
morphologically identical OPCs were found: again, one popula- 
tion expressed Na+ and K+ channels, received both inhibitory as 
well as excitatory synaptic inputs and, more importantly, was able 
to fire action potentials upon stimulation. The other population 
instead was not able to generate action potentials and did not 
receive any synaptic input (Karadottir et al, 2008). Thus, the 
distinction between spiking and non-spiking cells may not be 
relevant in distinguishing white versus gray matter OPCs, but 
rather a specific feature that can be utilized to identify two 
functionally different subtypes, regardless of their location within 
the CNS. Interestingly, although physiologically active, spiking 
OPCs maintain their mitotic status, suggesting that neuronal 
inputs may be required to control or modulate their proliferative 
activity (Ge et al., 2009). Indeed, it has been demonstrated that 
neuronal activity influences oligodendrogenesis and myelination 
both in vitro and in vivo (Demerens et al., 1996; Wake et al, 
2011; Gibson et al., 2014). All together, these data suggest that 
two subtypes of OPCs may exist, both in the gray as well as in the 
white matter, that can be distinguished based on their membrane 
properties and ability to spike action potentials. Interestingly, one 
of the symptoms of human oligodendrogliomas, a primary tumor 
of the brain (Harvey and Gushing, 1926; Russell and Rubinstein, 
1959; CanoU and Goldman, 2008), is the frequent occurrence of 
epileptic seizures, likely due to the ability of these tumor cells 
to generate action potentials (Patt et al., 1996). Although one 
possibility is that these cells infiltrate the tissue and produce 
seizures by changing the microenvironment around neighboring 
neurons, another intriguing possibility is that this type of tumor 
exclusively may originate from the spiking, but not from the non- 
spiking subtype of OPCs. 

TOMORROW NEVER KNOWS. UNDERSTANDING HUMAN OLs 
THROUGH PLURIPOTENT STEM CELLS DIFFERENTIATION 

The ultimate goal of basic research, apart from pure scientific 
curiosity, is to translate what we learn into practical tools that we 
can use to treat and possibly cure human diseases. Since one of 
the current main challenges of myelin research is to being able 
to produce functional OPCs and OLs in vitro, for therapeutic 
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use (Goldman et al., 2012), understanding what are the common 
features that univocally identify these cells, as well as those that 
may distinguish distinct subtypes, is compelling and worth a 
concerted effort of the whole scientific community. 

During the last two decades, the stem cell field has developed 
at a remarkable pace. Through the discovery of human embryonic 
stem cells (ESC) first (Thomson et al., 1998), and the generation 
of human induced pluripotent stem (iPS) cells via genetic repro- 
gramming of somatic cells, less than 10 years later (Takahashi 
et al., 2007), we now own an unprecedented tool for studying 
human embryonic development and for generating all types of 
cells of the body. Pioneering studies on ESC differentiation clearly 
showed that embryonic development can be successfully recapit- 
ulated in a step-wise manner in vitro and that the fundamental 
pathways of lineage commitment are largely conserved from 
mouse to human (D'Amour et al., 2005; Kennedy et al., 2007). 
Those principles have been applied to oligodendrocyte develop- 
ment and resulted in several differentiation protocols, in which 
human pluripotent stem cells (hPSC, encompassing both ESC and 
iPSC) could be efficiently committed to an oligodendrocyte fate 
by patterning with critical molecules identified through studies 
on rodents (Nistor et al, 2005; Izrael et al, 2007; tlu et al, 2009; 
Figure 3). 

A combination of retinoic acid (RA), insulin, insulin-like 
growth factor (IGF-1), triiodothhyroidin (T3) hormone, epider- 
mal growth factor (EGF) and basic fibroblast growth (bFGF) 
was required to achieve the first oligodendrocyte differentiation 
from hESCs (Nistor et al, 2005). Platelet derived growth factor 



NANOG/TRA-1-60 




hPSC 



FIGURE 3 I Human OPCs and OLs can be differentiated in vitro from 
pluripotent stem cells. hPSC are shown as NANOG+ 
(green)ATRA-1-60+(red); hOPCs as OLIG2+(green)/SOX10+(red); and hOL 
as 04+ cells (green). Images are based on results in press in Stem Cell 
Reports (Douvaras et al., 2014). The critical agents that promote 
oligodendrocyte differentiation have been identified. We showed that bFGF 



(PDGF-AA) and neurotrophinS (NT3) were also added later 
on to drive maturation of OPCs to OLs (Hu et al, 2009). RA 
has been extensively used in vitro to mimic caudalization of 
neural tissues (Wichterle et al., 2002). Insulin and IGF-1 act 
as survival factors for oligodendrocyte progenitors and mature 
OLs (Barres et al., 1992). T3 plays a critical role in various 
stages of oligodendrocyte development, by promoting generation 
and expansion of early progenitors, differentiation to mature 
oligodendrocyte, and myelination (Rodriguez-Pena, 1999). EGF 
and EGF promote OPC generation and proliferation (McKinnon 
et al., 1990; Gonzalez-Perez and Alvarez-Buylla, 2011). Further 
attempts at obtaining an efficient in vitro differentiation protocol 
focused on spinal cord development. The progression toward 
mature OLs was followed through the sequential upregulation 
of OLIG2, NKX2.2, SOXIO, PDGFRa, 04, and MBP (Izrael 
et al., 2007). Induction through RA and sonic hedgehog (SHH) 
signaling recapitulated in vitro the patterning of neuroepithelial 
cells to OLIG2+ progenitors of the pMN domain (Hu et al, 2009). 
Interestingly, while this strategy confirmed that the transcrip- 
tional network regulating oligodendrocyte development is largely 
conserved among mammals, the study uncovered differences 
between human and mouse. First, NKX2.2 is expressed in human 
cells in vitro immediately after OLIG2 and before PDGFRa, as it 
occurs in the chick (Xu et al, 2000) and in the mouse hindbrain 
development (Vallstedt et al., 2005), but not in the mouse spinal 
cord (Qi et al., 2001). Second, bFGF in human cultures plays 
two distinct roles at different stages of the differentiation process, 
increasing the number of OLIG2+ progenitors by preventing 



04 




hOLs 



(shown in gray) is dispensable. Future studies will investigate whether the 
cells generated in the dish constitute one homogenous population or 
different subtypes. RA: retinoic acid, SHH: sonic hedgehog, bFGF: basic 
fibroblast growth factor, IGF-1: insulin like growth factor-1, EGF: epiderma 
growth factor, T3: triiodothyronine, PDGF-AA: platelet derived growth 
factor, NT3: neurotrophin 3. 
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motor neuron differentiation and subsequently inhibiting SHH 
signaling and the differentiation from OLIG2+/NKX2.2+ pre- 
OPCs to SOX10+ OPCs. Finally, a long transition time (around 
9 weeks) from pre-OPCs to OPCs appears to be a distinctive 
feature of human cultures, while it is not seen during mouse ESCs 
differentiation (Najm et al., 2011). This could reflect the slower 
temporal progression in human fetal development compared to 
mouse (Jakovcevski et al., 2009), but it could also be — at least 
in part — due to suboptimal culture conditions, as shown by 
our more recent protocol, in which the transition phase from 
pre-OPCs to OPCs is significantly shortened. Interestingly, we 
have also found that exogenous FGF signaling was dispensable 
in our cultures (Douvaras et al., 2014). With the discovery of 
iPS cells, in vitro differentiation studies largely moved to the 
optimization of the available protocols to extend the repro- 
ducibility to hiPSC lines (Pouya et al, 2011; Wang et al, 2013; 
Douvaras et al., 2014). Studies with iPS cells have confirmed 
that patterning with RA and SHH are an effective strategy to 
recapitulate oligodendrogenesis of the spinal cord, but to date the 
characterization of OLs differentiation has been purely restricted 
to well established markers such as SOXIO, PDGFRct, NG2, 04, 
Ol, MBP. One may wonder whether, in reality, we are generating 
a mixed population of OLs, and whether multiple subtypes of 
OPCs and OLs exist and can be recognized in vitro. Follow- 
ing the example of neuronal studies, single cell gene expres- 
sion profiling could help addressing this question (Citri et al., 
2012). 

A recent study attempted for the first time to generate 
and characterize OPCs and OLs from both spinal cord and 
forebrain. Once more, the lesson was learned from mouse 
embryonic development, where FGF signaling, via Fgfrl and 
Fgfr2 was identified as critical to generate Pdgfra^, OligZ^ 
OPCs from ventral forebrain. The translation of those findings 
to human differentiation in vitro allowed the successful gen- 
eration of human forebrain GSX2+/NXX2.1+ OPCs through 
induction with bFGF and SHH (Stacpoole et al., 2013). The 
next step will be to investigate whether forebrain OLs exhibit 
functional features that are distinct from their spinal cord coun- 
terparts. Interestingly, the same study provided the first evi- 
dence that hOPCs, similarly to mouse and rat OPCs, can be 
divided into spiking and nonspiking, and future studies will 
possibly identify molecular and functional differences associ- 
ated with these subtypes. While our understanding of oligo- 
dendrogenesis improves by means of embryological studies in 
animal models, we will soon develop increasingly optimized 
protocols for differentiating hPSC towards OPCs from differ- 
ent developmental origins and with different identities. As a 
result, these in vitro systems will provide a novel compelling 
platform to thoroughly dissect human OL diversity. We envision 
that forthcoming studies of human OLs in a dish will lead 
the search for the answer. As stem cells constitute an unprece- 
dented source of human OLs, they will become a fundamental 
tool for deciphering the complexity of oligodendroglia iden- 
tity. The more we wOI learn from basic developmental biol- 
ogy and physiological studies, the more we will be able to 
"make" cells in vitro that will closely resemble their in vivo 
counterpart. 



CONCLUSIONS 

How much diversity exists within the oligodendrocyte lineage? 
Once more, the question is more practical than it may sound, with 
profound, direct implications into our clinical approach. From 
a "myelination perspective", OPCs from one region of the CNS 
can substitute for populations derived from other regions (e.g., 
neonatal forebrain SVZ could generate OLs when injected into the 
neonatal cerebellum), suggesting that these cells have a "default" 
myelinogenic potential that doesn't change with the environment 
(Milosevic et al., 2008). One-sixty years after the term "ner- 
venkitt" was coined (Virchow, 1859), we have just started to turn 
our magnifying glasses toward the right direction and recognize 
these cells as something more than just cerebral glue. Today's 
technology will certainly help us accelerating this process and we 
can envision that the immediate future will bring us new knowl- 
edge as well as new concepts and ideas. Modern high-throughput 
genome and transcriptional profiling techniques (Cahoy et al., 
2008; Wang et al, 2009; Shapiro et al, 2013) combined with the 
latest imaging (Lichtman and Denk, 2011) and electrophysiology 
tools (Fenno et al., 2011) wUl certainly boost our understanding 
of the diversity of OPCs and OLs in the CNS. Thus, it doesn't 
matter whether OLs perform as a symphony orchestra, a solo 
or a rock band, relax and enjoy the music: their show has just 
started. 

ACKNOWLEDGMENTS 

We are extremely grateful to Paola Arlotta (Harvard University), 
for her support. We thank James Goldman (Columbia Univer- 
sity) for his extremely useful comments on the manuscript and 
for the fruitful scientific discussion we had together. We thank 
Marcos Costa (UFRN, Brasil) and Caroline Rouaux (INSERM, 
France) who gave us the chance to contribute with the present 
manuscript to this Research Topic issue of Frontiers in Cellular 
Neuroscience. 

REFERENCES 

Aguirre, A., and Gallo, V. (2004). Postnatal neurogenesis and gliogenesis in the 

olfactory bulb from NG2- expressing progenitors of the subventricular zone. 

/. Neurosci. 24, 10530-10541. doi: 10.1523/jneurosd.3572-04.2004 
Almeida, R. G., and Lyons, D. A. (2013). On the resemblance of synapse formation 

and CNS myelination. Neuroscience doi: 10. 1016/j. neuroscience. 2013. 08. 062. 

[Epub ahead of print]. 
Angevine, J. B., and Sidman, R. L. (1961). Autoradiographic study of cell migration 

during histogenesis of cerebral cortex in the mouse. Nature 192, 766-768. 

doi: 10.1038/192766b0 
Arlotta, R, Molyneaux, B. J., Chen, J., Inoue, J., Kominami, R., and Macklis, 

J. D. (2005). Neuronal subtype-specific genes that control corticospinal motor 

neuron development in vivo. Neuron 45, 207-221. doi: 10. 1016/j. neuron. 2004. 

12.036 

Azevedo, R A. C, Carvalho, L. R. B., Grinberg, L. T., Farfel, J. M., Ferretti, R. E. L., 
Leite, R. E. P., et al. (2009). Equal numbers of neuronal and nonneuronal 
cells make the human brain an isometrically scaled-up primate brain. /. Comp. 
Neurol. 513, 532-541. doi: 10.1002/cne.21974 

Barradas, P. C., Gomes, S. S., and Cavalcante, L. A. (1998). Heterogeneous patterns 
of oligodendroglial differentiation in the forebrain of the opossum Didelphis 
marsupialis. /. Neurocytol. 27, 15-25. doi: 10.1023/A:1006930818708 

Barres, B. A., Hart, I. K., Coles, H. S., Burne, J. R, Voyvodic, J. T., Richardson, 
W. D., et al. (1992). Cell death and control of cell survival in the oligodendrocyte 
lineage. Ce// 70, 31-46. doi: 10.1016/0092-8674(92)90531-g 

Barres, B. A., Koroshetz, W. J., Chun, L. L., and Corey, D. R (1990a). Ion channel 
expression by white matter glia: the type- 1 astrocyte. Neuron 5, 527-544. doi: 10. 
1016/0896-6273(90)90091-8 



Frontiers in Cellular Neuroscience 



www.frontiersin.org 



July 2014 I Volume 8 | Article 201 | 8 



Tomassy and Fossati 



Cellular diversity within the oligodendrocyte lineage 



Barres, B. A., Koroshetz, W. J., Swartz, K. J., Chun, L. L., and Corey, D. P. (1990b). 

Ion channel expression by white matter glia: the 0-2A glial progenitor cell. 

Neuron 4, 507-524. doi: 10.1016/0896-6273(90)90109-s 
Barres, B. A., and Raff, M. C. (1999). Axonal control of oligodendrocyte develop- 
ment./. CellBiol. 147, 1123-1128. doi: 10.1083/jcb.l47.6.1123 
Baumann, N., and Pham-Dinh, D. (2001). Biology of oligodendrocyte and myelin 

in the mammalian central nervous system. Physiol. Rev. 81, 871-927. 
Belgard, T. G., Marques, A. C, Oliver, P. L., Abaan, H. O., Sirey, T. M., Hoerder- 

Suabedissen, A., et al. (201 1). A transcriptomic atlas of mouse neocortical layers. 

Neuron 71, 605-616. doi: 10.1016/j.neuron.201 1.06.039 
Bergles, D. E., Jabs, R., and Steinhauser, C. (2010). Neuron-glia synapses in the 

brain. Brain Res. Rev. 63, 130-137. doi: 10.1016/j.brainresrev.2009.12.003 
Bergles, D. E., Roberts, J. D., Somogyi, P., and Jahr, C. E. (2000). Glutamatergic 

synapses on oligodendrocyte precursor cells in the hippocampus. Nature 405, 

187-191. doi: 10.1038/35012083 
Bienvenu, T., and Chelly, J. (2006). IVlolecular genetics of Rett syndrome: when 

DNA methylation goes unrecognized. Nat. Rev. Genet. 7, 415-426. doi: 10. 

1038/nrgl878 

Buffo, A., and Rossi, R (2013). Origin, lineage and function of cerebellar glia. Prog. 

Neurobiol 109,42-63. doi: 10.1016/j.pneurobio.2013.08.001 
Butt, S. J. B., Fuccillo, M., Nery, S., Noctor, S., Kriegstein, A., Corbin, J. G., 

et al. (2005). The temporal and spatial origins of cortical interneurons predict 

their physiological subtype. Neuron 48, 591-604. doi: 10. 1016/j. neuron. 2005. 

09.034 

Butt, A. M., Ibrahim, M., Ruge, F. M., and Berry, M. (1995). Biochemical subtypes 
of oligodendrocyte in the anterior medullary velum of the rat as revealed by the 
monoclonal antibody Rip. Glia 14, 185-197. doi: 10.1002/glia.440140304 

Butt, S. J. B., Sousa, V. H., Fuccillo, M. V., Hjerling-Leffler, J., Miyoshi, G., Kimura, 
S., et al. (2008). The requirement of Nkx2-1 in the temporal specification of 
cortical interneuron subtypes. Neuron 59, 722-732. doi: 10. 1016/j. neuron. 2008. 
07.031 

Caballero, I. M., and Hendrich, B. (2005). MeCP2 in neurons: closing in on the 
causes of Rett syndrome. Hum. Mol. Genet. 14 Spec No 1, R19-R26. doi: 10. 
1093/hmg/ddi213 

Cahoy, J. D., Emery, B., Kaushal, A., Foo, L. C, Zamanian, J. L., Christopherson, 
K. S., et al. (2008). A transcriptome database for astrocytes, neurons and 
oligodendrocytes: a new resource for understanding brain development and 
function. /. Neurosci. 28, 264-278. doi: 10.1523/JNEUROSCI.4178-07.2008 

Cai, J., Qi, Y., Hu, X., Tan, M., Liu, Z., Zhang, J., et al. (2005). Generation of 
oligodendrocyte precursor cells from mouse dorsal spinal cord independent of 
Nkx6 regulation and shh signaling. Neuron 45, 41-53. doi: 10. 1016/j. neuron. 
2004.12.028 

CanoU, R, and Goldman, J. E. (2008). The interface between glial progenitors and 

^liomdis. Acta Neuropathol. 116, 465-477. doi: 10.1007/s00401-008-0432-9 
Chahrour, M., and Zoghbi, H. Y. (2007). The story of Rett syndrome: from clinic 

to neurobiology. Neuron 56, 422-437. doi: 10.1016/j.neuron.2007.10.001 
Chang, A., Tourtellotte, W. W., Rudick, R., and Trapp, B. D. (2002). PremyeUnating 

oligodendrocytes in chronic lesions of multiple sclerosis. N. Engl. J. Med. 346, 

165-173. doi: 10.1056/nejmoa010994 
Chittajallu, R., Aguirre, A., and Gallo, V. (2004). NG2-positive cells in the mouse 

white and grey matter display distinct physiological properties. /. Physiol. 561, 

109-122. doi: 10.1113/jphysiol.2004.074252 
Citri, A., Pang, Z. R, Sudhof, T. C., Wernig, M., and Malenka, R. C. (2012). 

Comprehensive qPCR profiling of gene expression in single neuronal cells. Nat. 

Protoc. 7, 118-127. doi: 10.1038/nprot.2011.430 
Clarke, L. E., and Barres, B. A. (2013). Emerging roles of astrocytes in neural circuit 

development. Nat. Rev. Neurosci. 14, 311-321. doi: 10.1038/nrn3484 
Corbin, J. G., Nery, S., and Fishell, G. (2001). Telencephalic cells take a tangent: 

non-radial migration in the mammaHan forebrain. Nat. Neurosci. 4, 1177-1182. 

doi: 10.1038/nn749 

D'Amour, K. A., Agulnick, A. D., Eliazer, S., Kelly, O. G., Kroon, E., and Baetge, E. E. 

(2005). Efficient differentiation of human embryonic stem cells to definitive 

endoderm. Nat. Biotechnol. 23, 1534-1541. doi: 10.1038/nbtll63 
del Rio Hortega, P. (1928). Tercera Aportacion al Conocimiento Morfologico e 

Interpretacidn Funcional de la Oligodendrologia. Madrid: Real Sociedad Espanola 

de Historia Natural. 

Demerens, C, Stankoff, B., Logak, M., Anglade, P., Allinquant, B., Couraud, R, et al. 
(1996). Induction of myelination in the central nervous system by electrical 



activity. Proc. Natl. Acad. Sci. [/ S A 93, 9887-9892. doi: 10.1073/pnas.93.18. 
9887 

Di Rocco, M., Biancheri, R., Rossi, A., Filocamo, M., and Tortori-Donati, P. 
(2004). Genetic disorders affecting white matter in the pediatric age. Am. 
}. Med. Genet. B Neuropsychiatr Genet. 129B, 85-93. doi: 10.1002/ajmg.b. 
30029 

Dimou, L., Simon, C, Kirchhoff, R, Takebayashi, H., and Gotz, M. (2008). Progeny 
of 01ig2-expressing progenitors in the gray and white matter of the adult mouse 
cerebral cortex. /. Neurosci. 28, 10434-10442. doi: 10.1523/JNEUROSCI.2831- 
08.2008 

Douvaras, P., Wang, J., Zimmer, M., Hanchuk, S., O'Bara, M. A., Sadiq, S., et al. 

(2014). Efficient generation of myelinating oligodendrocytes from primary 

progressive multiple sclerosis patients by induced pluripotent stem cells. Stem 

Cell Reports. In press. 
Fenno, L., Yizhar, O., and Deisseroth, K. (2011). The development and application 

of optogenetics. Annu. Rev. Neurosci. 34, 389-412. doi: 10.1146/annurev-neuro- 

061010-113817 

Fogarty, M., Richardson, W. D., and Kessaris, N. (2005). A subset of oligoden- 
drocytes generated from radial glia in the dorsal spinal cord. Development 132, 
1951-1959. doi: 10.1242/dev01777 

Franklin, R. J. M. (2002). Why does remyelination fail in multiple sclerosis? Nat. 
Rev. Neurosci. 3, 705-714. doi: 10.1038/nrn917 

Ge, W.-R, Zhou, W., Luo, Q., Jan, L. Y, and Jan, Y. N. (2009). Dividing glial 
cells maintain differentiated properties including complex morphology and 
functional synapses. Proc. Nflf/. Acflii. Sci. USA 106, 328-333. doi: 10.1073/pnas. 
0811353106 

Gensert, J. M., and Goldman, J. E. (2001). Heterogeneity of cycling glial progenitors 
in the adult mammalian cortex and white matter./. Neurobiol. 48, 75-86. doi: 10. 
1002/neu.l043.abs 

Gibson, E. M., Purger, D., Mount, C. W, Goldstein, A. K., Lin, G. L., Wood, 
L. S., et al. (2014). Neuronal activity promotes oligodendrogenesis and adaptive 
myelination in the mammalian brain. Sc/entre 344:1252304. doi: 10.1126/science. 
1252304 

Goldman, S. A., Nedergaard, M., and Windrem, M. S. (2012). Glial progenitor cell- 
based treatment and modeling of neurological disease. Science 338, 491-495. 
doi: 10.1126/science.l218071 

Gonzalez-Perez, O., and Alvarez- Buylla, A. (2011). Oligodendrogenesis in the 
subventricular zone and the role of epidermal growth factor. Brain Res. Rev. 67, 
147-156. doi: 10.10l6/j.brainresrev.2011.01.001 

Gorski, J. A., Talley, T., Qiu, M., Puelles, L., Rubenstein, J. L. R., and Jones, K. R. 
(2002). Cortical excitatory neurons and glia, but not GABAergic neurons, are 
produced in the Emxl -expressing lineage./. Neurosci. 22, 6309-6314. 

Grimaldi, R, Parras, C, Guillemot, E, Rossi, E, and Wassef, M. (2009). 
Origins and control of the differentiation of inhibitory interneurons and 
gha in the cerebellum. Dev. Biol. 328, 422-433. doi: 10.1016/j.ydbio.2009. 
02.008 

Hardy, R. J., Lazzarini, R. A., Colman, D. R., and Friedrich, V. L. (1996). Cyto- 
plasmic and nuclear localization of myelin basic proteins reveals heterogeneity 
among oligodendrocytes. /. Neurosci. Res. 46, 246-257. doi: 10.1002/(sici)1097- 
4547(19961015)46:2<246::aid-jnrl3>3.0.co;2-0 

Harvey, R B., and Gushing, H. W. (1926). A Classification of the Tumors of the 
Glioma Group on a Histo-Genetic Basis, with a Correlated Study of Prognosis . . . 
with 108 Illustrations. Philadelphia: J. B. Lippincott Company. 

Hu, B.-Y, Du, Z.-W, Li, X.-J., Ayala, M., and Zhang, S.-C. (2009). Human oligo- 
dendrocytes from embryonic stem cells: conserved SHH signaling networks 
and divergent FGF effects. Development 136, 1443-1452. doi: 10.1242/dev. 
029447 

Irvine, K.-A., and Blakemore, W. F. (2007). A different regional response by 
mouse oligodendrocyte progenitor cells (OPCs) to high-dose X-irradiation has 
consequences for repopulating OPC-depleted normal tissue. Eur. J. Neurosci. 25, 
417-424. doi: 10.1111/j.l460-9568.2007.05313.x 

Izrael, M., Zhang, R, Kaufman, R., Shinder, V., Ella, R., Amit, M., et al. (2007). 
Human oligodendrocytes derived from embryonic stem cells: effect of noggin 
on phenotypic differentiation in vitro and on myelination in vivo. Mol. Cell. 
Neurosci. 34, 310-323. doi: 10.1016/j.mcn.2006.11.008 

Jakovcevski, I., Filipovic, R., Mo, Z., Rakic, S., and Zecevic, N. (2009). OHgodendro- 
cyte development and the onset of myelination in the human fetal brain. Front. 
Neuroanat. 3:5. doi: 10.3389/neuro.05.005.2009 



Frontiers in Cellular Neuroscience www.frontiersin.org July 2014 | Volume 8 | Article 201 | 9 



Tomassy and Fossati 



Cellular diversity within the oligodendrocyte lineage 



Kandel, E., Schwartz, J., Jessell, T., Siegelbaum, S., and Hudspeth, A. J. (2012). 
Principles of Neural Science. 5th Edn. New York: McGraw-Hill Professional. 

Karadottir, R., Hamilton, N. B., Bakiri, Y., and Attwell, D. (2008). Spiking and 
nonspiking classes of oligodendrocyte precursor glia in CNS white matter. Nat. 
Neurosci. 11, 450-456. doi: 10.1038/nn2060 

Keirstead, H. S., Levine, J. M., and Blakemore, W. F. (1998). Response of 
the oligodendrocyte progenitor cell population {defined by NG2 labelling) 
to demyelination of the adult spinal cord. Glia 22, 161-170. doi: 10. 
1002/(sici) 1098-1 136(199802)22:2<161::aid-glia7>3.0.co;2-a 

Kennedy, M., D'Souza, S. L., Lynch -Kattman, M., Schwantz, S., and Keller, G. 
(2007). Development of the hemangioblast defines the onset of hematopoiesis 
in human ES cell differentiation cultures. Blood 109, 2679-2687. 

Kessaris, N., Fogarty, M., lannarelli, R, Grist, M., Wegner, M., and Richardson, 
W. D. (2005). Competing waves of oligodendrocytes in the forebrain and post- 
natal elimination of an embryonic lineage. Nat. Neurosci. 9, 173-179. doi: 10. 
1038/nnl620 

Kettenmann, H., Orkand, R. K., and Lux, H. D. (1984). Some properties of single 
potassium channels in cultured oUgodendrocytes. Pflugers Arch. 400, 215-221. 
doi: 10.1007/bf00581550 

Kishi, N., and Macklis, J. D. (2004). MECP2 is progressively expressed in post- 
migratory neurons and is involved in neuronal maturation rather than cell 
fate decisions. Mol. Cell. Neurosci. 27, 306-321. doi: 10.1016/j.mcn.2004. 
07.006 

Lichtman, J. W., and Denk, W. (2011). The big and the small: challenges of imaging 
the brain's circuits. Science 334, 618-623. doi: 10.1126/science.l209168 

Lin, S.-C., and Bergles, D. E. (2004). Synaptic signaling between GABAergic 
interneurons and oligodendrocyte precursor cells in the hippocampus. Nat. 
Neurosci. 7, 24-32. doi: 10.1038/nnll62 

Lin, G., Mela, A., Guilfoyle, E. M., and Goldman, J. E. (2009). Neonatal and adult 
04(+) oligodendrocyte lineage cells display different growth factor responses 
and different gene expression patterns. /. Neurosci. Res. 87, 3390-3402. doi: 10. 
1002/jnr.22065 

Livesey, F. J., and Cepko, C. L. (2001). Vertebrate neural cell-fate determination: 
lessons from the retina. Nat. Rev. Neurosci. 2, 109-118. doi: 10.1038/350 
53522 

Ma, Y, Hu, H., Berrebi, A. S., Mathers, R H., and Agmon, A. (2006). Dis- 
tinct subtypes of somatostatin- containing neocortical interneurons revealed in 
transgenic mice. /. Neurosci. 26, 5069-5082. doi: 10.1523/JNEUROSCI.0661-06. 
2006 

Marin, O., and Rubenstein, J. L. (2001). A long, remarkable journey: tangen- 
tial migration in the telencephalon. Nat. Rev. Neurosci. 2, 780-790. doi: 10. 
1038/35097509 

Marin, O., and Rubenstein, J. L. R. (2003). Cell migration in the forebrain. 
Annu. Rev. Neurosci. 26, 441-483. doi: 10. 1146/annurev.neuro. 26. 041002. 
131058 

Martin, J. H. (2005). The corticospinal system: from development to motor control. 

Neuroscientist n, 161-173. doi: 10.1177/1073858404270843 
McKinnon, R. D., Matsui, T., Dubois-Dalcq, M., and Aaronson, S. A. (1990). FGF 

modulates the PDGF-driven pathway of oligodendrocyte development. Neuron 

5, 603-614. doi: 10.1016/0896-6273(90)90215-2 
Mecklenburg, N., Garcia-Lopez, R., Puelles, E., Sotelo, C, and Martinez, S. (2011). 

Cerebellar oligodendroglial cells have a mesencephalic origin. Glia 59, 1946- 

1957. doi: 10.1002/glia.21236 
Migliore, M., and Shepherd, G. M. (2005). Opinion: an integrated approach 

to classifying neuronal phenotypes. Nat. Rev. Neurosci. 6, 810-818. doi: 10. 

1038/nrnl769 

Milosevic, A., Noctor, S. C, Martinez- Cerdeiio, V., Kriegstein, A. R., and Goldman, 
J. E. (2008). Progenitors from the postnatal forebrain subventricular zone 
differentiate into cerebellar-like interneurons and cerebellar-specific astrocytes 
upon transplantation. Mo/. Cell. Neurosci. 39, 324-334. doi: 10.1016/j.mcn.2008. 
07.015 

Molyneaux, B. J., Arlotta, P., Fame, R. M., MacDonald, J. L., MacQuarrie, K. L., 
and Macklis, J. D. (2009). Novel subtype-specific genes identify distinct subpop- 
ulations of callosal projection neurons. /. Neurosci. 29, 12343-12354. doi: 10. 
1523/JNEUROSCI.6108-08.2009 

Molyneaux, B. J., Arlotta, P, Menezes, J. R. L., and Macklis, J. D. (2007). Neuronal 
subtype specification in the cerebral cortex. Nat. Rev. Neurosci. 8, 427-437. 
doi: 10.1038/nrn2151 



Murtie, J. C, Macklin, W. B., and Corfas, G. (2007). Morphometric analysis of 
oligodendrocytes in the adult mouse frontal cortex. /. Neurosci. Res. 85, 2080- 
2086. doi: 10.1002/jnr.21339 

Najm, R J., Zaremba, A., Caprariello, A. V., Nayak, S., Freundt, E. C, Scacheri, 
P. C, et al. (2011). Rapid and robust generation of functional oligodendrocyte 
progenitor cells from epiblast stem cells. Nat. Methods 8, 957-962. doi: 10. 
1038/nmeth.l712 

Nave, K. A., and Salzer, J. L. (2006). Axonal regulation of myelination by neuregulin 
1. Curr. Opin. Neurobiol. 16, 492-500. doi: 10.1016/j.conb.2006.08.008 

Nistor, G. L, Totoiu, M. O., Haque, N., Carpenter, M. K., and Keirstead, H. S. 
(2005). Human embryonic stem cells differentiate into oligodendrocytes in high 
purity and myelinate after spinal cord transplantation. Glia 49, 385-396. doi: 10. 
1002/glia.20127 

Pakkenberg, B., and Gundersen, H. J. (1988). Total number of neurons and glial 
cells in human brain nuclei estimated by the disector and the fractionator. 
/. Microsc. 150, 1-20. doi: 10.1111/j.l365-2818.1988.tb04582.x 

Parras, C. M., GaUi, R., Britz, O., Soares, S., Galichet, C, Battiste, J., et al. (2004). 
Mashl specifies neurons and oligodendrocytes in the postnatal brain. EMBO ]. 
23, 4495-4505. doi: 10.1038/sj.emboj.7600447 

Patt, S., Labrakakis, C, Bernstein, M., Weydt, P., Cervos- Navarro, J., Nisch, G., et al. 
(1996). Neuron-like physiological properties of cells from human oligoden- 
droglial tumors. Neuroscience 71, 601-611. doi: 10.1016/0306-4522(95)00468-8 

Pouya, A., Satarian, L., BCiani, S., Javan, M., and Baharvand, H. (2011). Human 
induced pluripotent stem cells differentiation into oligodendrocyte progenitors 
and transplantation in a rat model of optic chiasm demyelination. PLoS One 
6:e27925. doi: 10.1371/journal.pone.0027925 

Psachoulia, K., Jamen, R, Young, K. M., and Richardson, W. D. (2009). Cell cycle 
dynamics of NG2 cells in the postnatal and ageing brain. Neuron Glia Biol. 5, 
57-67. doi: 10.1017/sl740925x09990354 

Qi, Y, Cai, J., Wu, Y, Wu, R., Lee, J., Fu, H., et al. (2001). Control of oligodendrocyte 
differentiation by the Nkx2.2 homeodomain transcription factor. Development 
128, 2723-2733. 

Richardson, W. D., Kessaris, N., and Pringle, N. (2006). Oligodendrocyte wars. Nat. 

Rev. Neurosci. 7, 11-18. doi: 10.1038/nrnl826 
Riddle, A., Luo, N. L., Manese, M., Beardsley, D. J., Green, L., Rorvik, D. A., 

et al. (2006). Spatial heterogeneity in oligodendrocyte lineage maturation and 

not cerebral blood flow predicts fetal ovine periventricular white matter injury. 

/. Neurosci. 26, 3045-3055. doi: 10.1523/jneurosci.5200-05.2006 
Rivers, L. E., Young, K. M., Rizzi, M., Jamen, R, Psachoulia, K., Wade, A., et al. 

(2008). PDGFRA/NG2 glia generate myelinating oligodendrocytes and piriform 

projection neurons in adult mice. Nat. Afewrosd. 11, 1392-1401. doi: 10.1038/nn. 

2220 

Rodriguez-Pena, A. (1999). Oligodendrocyte development and thyroid hormone./. 
Neurobiol. 40, 497-512. doi: 10.1002/(sici)1097-4695(19990915)40:4<497::aid- 
neu7>3.0.co;2-# 

Rowitch, D. H., Lu, Q. R., Kessaris, N., and Richardson, W. D. (2002). An 
"oligarchy" rules neural development. Trends Neurosci. 25, 417-422. doi: 10. 
1016/s0166-2236(02)02201-4 

Runyan, C. A., Schummers, J., Van Wart, A., Kuhlman, S. J., Wilson, N. R., Huang, 
Z. J., et al. (2010). Response features of parvalbumin- expressing interneurons 
suggest precise roles for subtypes of inhibition in visual cortex. Neuron 67, 847- 
857. doi: 10.1016/j.neuron.2010.08.006 

Russell, D. S., and Rubinstein, L. J. (1959). Pathology of Tumors of the Nervous 
System. 1st Edn. London: Edward Arnold. 

Shapiro, E., Biezuner, T., and Linnarsson, S. (2013). Single-cell sequencing-based 
technologies will revolutionize whole -organism science. Nat. Rev. Genet. 14, 
618-630. doi: 10.1038/nrg3542 

Spassky, N., Heydon, K., Mangatal, A., Jankovski, A., Olivier, C, Queraud-Lesaux, 
R, et al. (2001). Sonic hedgehog- dependent emergence of oligodendrocytes in 
the telencephalon: evidence for a source of oligodendrocytes in the olfactory 
bulb that is independent of PDGFRalpha signaling. Development 128, 4993- 
5004. 

Stacpoole, S. R. L., Spitzer, S., Bilican, B., Compston, A., Karadottir, R., Chandran, 
S., et al. (2013). High yields of oligodendrocyte lineage cells from human 
embryonic stem cells at physiological oxygen tensions for evaluation of trans- 
lational biology. Stem CellReports 1, 437-450. doi: 10.1016/j.stemcr.2013.09.006 

Stern, R (2010). Glia. Glee for glia. Introduction. Science 330:773. doi: 10. 
1126/science.330.6005.773 



Frontiers in Cellular Neuroscience 



www.frontiersin.org 



July 2014 I Volume 8 | Article 201 | 10 



Tomassy and Fossati 



Cellular diversity within the oligodendrocyte lineage 



Stevens, B., Porta, S., Haak, L. L., Gallo, V., and Fields, R. D. (2002). Adeno- 
sine: a neuron-glial transmitter promoting myelination in the CNS in 
response to action potentials. Neuron 36, 855-868. doi: 10.1016/50896-6273(02) 
01067-X 

Sudarov, A., TurnbuU, R. K., Kim, E. J., Lebel-Potter, M., Guillemot, R, and 
Joyner, A. L. (2011). Ascll genetics reveals insights into cerebellum local circuit 
assembly./. iVewrosd. 31, 11055-11069. doi: 10.1523/JNEUROSCI.0479-11.2011 

Sun, W., and Dietrich, D. (2013). Synaptic integration by NG2 cells. Front. Cell. 
Neurosci. 7:255. doi: 10.3389/fncel.2013.00255 

Sweet, H. O., Bronson, R. T., Johnson, K. R., Cook, S. A., and Davisson, M. T. 
(1996). Scrambler, a new neurological mutation of the mouse with abnor- 
malities of neuronal migration. Mamm. Genome 7, 798-802. doi: 10.1007/ 
S003359900240 

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, 
K., et al. (2007). Induction of pluripotent stem cells from adult human 
fibroblasts by defined factors. Cell 131, 861-872. doi: 10.1016/j.cell.2007. 
11.019 

Taveggia, C, Feltri, M. L., and Wrabetz, L. (2010). Signals to promote myelin 
formation and repair. Nat. Rev. Neurol. 6, 276-287. doi: 10.1038/nrneurol. 
2010.37 

Tekki-Kessaris, N., Woodruff, R., Hall, A. C., Gaffield, W., Kimura, S., Stiles, C. D., 
et al. (2001). Hedgehog-dependent oligodendrocyte lineage specification in the 
telencephalon. Development 128, 2545-2554. 

Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, 
J. J., Marshall, V. S., et al. (1998). Embryonic stem cell lines derived from 
human blastocysts. Science 282, 1145-1147. doi: 10.1 126/science.282. 5391. 
1145 

Tomassy, G. S., Berger, D. R., Chen, H.-H., Kasthuri, N., Hayworth, K. J., Vercelli, 
A., et al. (2014). Distinct profiles of myelin distribution along single axons of 
pyramidal neurons in the neocortex. Science 344, 3 19-324. doi: 10. 1 126/science. 
1249766 

Tomassy, G. S., Lodato, S., Trayes-Gibson, Z., and Arlotta, P. (2010). Development 
and regeneration of projection neuron subtypes of the cerebral cortex. Sci. Prog. 
93, 151-169. doi: 10.3184/003685010x12705764469952 

Trapp, B. D., and Nave, K. A. (2008). Multiple sclerosis: an immune or neurodegen- 
erative disorder? Annu. Rev. Neurosci. 31, 247-269. doi: 10.1 146/annurev.neuro. 
30.051606.094313 

Tripathi, R. B., Clarke, L. E., Burzomato, V., Kessaris, N., Anderson, P. N., Attwell, 
D., et al. (2011). Dorsally and ventrally derived oligodendrocytes have similar 
electrical properties but myelinate preferred tracts. /. Neurosci. 31, 6809-6819. 
doi: 10.1523/JNEUROSCI.6474-10.2011 

Tudor, M., Akbarian, S., Chen, R. Z., and Jaenisch, R. (2002). Transcriptional 
profiling of a mouse model for Rett syndrome reveals subtle transcriptional 
changes in the brain. Proc. Natl. Acad. Sci. U S A 99, 15536-15541. doi: 10. 
1073/pnas.242566899 

Vallstedt, A., Klos, J. M., and Ericson, J. (2005). Multiple dorsoventral origins of 
oligodendrocyte generation in the spinal cord and hindbrain. Neuron 45, 55-67. 
doi: 10.1016/j.neuron.2004.12.026 

Verkhratsky, A., and Butt, A. M. (2007). Glial Neurobiology. Maiden, MA: John 
Wiley and Sons. 

Vigano, R, Mobius, W, Gotz, M., and Dimou, L. (2013). Transplantation reveals 
regional differences in oligodendrocyte differentiation in the adult brain. Nat. 
Neurosci. 16, 1370-1372. doi: 10.1038/nn.3503 



Virchow, R. L. K. (1859). Die Cellularpathologie in ihrer Begriindimg aufPhysiologis- 
che und Patholosgische Gewebelehre ... 2, neu durchgesehene Aufl. Berlin: August 
Hirschwald. 

Wake, H., Lee, P. R., and Fields, R. D. (2011). Control of local protein synthesis 
and initial events in myelination by action potentials. Science 333, 1647-1651. 
doi: 10.1126/science.l206998 

Wang, S., Bates, J., Li, X., Schanz, S., Chandler-Militello, D., Levine, C, et al. (2013). 
Human iPSC-derived oligodendrocyte progenitor cells can myelinate and rescue 
a mouse model of congenital hypomyelination. Cell Stem Cell 12, 252-264. 
doi: 10.1016/j.stem.2012. 12.002 

Wang, Z., Gerstein, M., and Snyder, M. (2009). RNA-Seq: a revolutionary tool for 
transcriptomics. Nat. Rev. Genet. 10, 57-63. doi: 10.1038/nrg2484 

Ware, M. L., Fox, J. W, Gonzalez, J. L., Davis, N. M., Lambert de Rouvroit, C, 
Russo, C. J., et al. (1997). Aberrant splicing of a mouse disabled homolog, 
mdabl, in the scrambler mouse. Neuron 19, 239-249. doi: 10.1016/s0896- 
6273(00)80936-8 

Wichterle, H., Lieberam, I., Porter, J. A., and Jessell, T. M. (2002). Directed 
differentiation of embryonic stem cells into motor neurons. Cell 110, 385-397. 
doi: 10.1016/s0092-8674(02)00835-8 

Xu, Q., Cobos, L, De La Cruz, E., Rubenstein, J. L., and Anderson, S. A. (2004). 
Origins of cortical interneuron subtypes. /. Neurosci. 24, 2612-2622. doi: 10. 
1523/jneuroscL5667-03.2004 

Xu, X., Cai, J., Fu, H., Wu, R., Qi, Y., Modderman, G., et al. (2000). Selective expres- 
sion of Nkx-2.2 transcription factor in chicken oligodendrocyte progenitors and 
implications for the embryonic origin of oligodendrocytes. Mol Cell. Neurosci. 
16, 740-753. doi: 10.1006/mcne.2000.0916 

Zhang, Y., and Barres, B. A. (2010). Astrocyte heterogeneity: an underappreciated 
topic in neurobiology. Curr. Opin. Neurohiol. 20, 588-594. doi: 10.1016/j.conb. 
2010.06.005 

Zhang, L., and Goldman, J. E. (1996). Developmental fates and migratory path- 
ways of dividing progenitors in the postnatal rat cerebellum. /. Comp. Neurol. 
370, 536-550. doi: 10.1002/(sici)1096-9861(19960708)370:4<536::aid-cne9>3. 
0.co;2-5 

Zhang, X., Santuccione, A., Leung, C, and Marino, S. (2011). Differentiation 
of postnatal cerebellar glial progenitors is controlled by Bmil through BMP 
pathway inhibition. Glia 59, 1118-1131. doi: 10.1002/glia.21184 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conthct of interest. 

Received: 12 May 2014; paper pending published: 30 May 2014; accepted: 03 July 2014; 
published online: 28 July 2014. 

Citation: Tomassy GS and Fossati V (2014) How big is the myelinating orchestra? 
Cellular diversity within the oligodendrocyte lineage: facts and hypotheses. Front. Cell. 
Neurosci. 8:201. doi: 10.3389/fncel.20 14.00201 

This article was submitted to the journal Frontiers in Cellular Neuroscience. 
Copyright © 2014 Tomassy and Fossati. This is an open- access article distributed under 
the terms of the Creative Commons Attribution License ( CC BY). The use, distribution 
or reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted which 
does not comply with these terms. 



Frontiers in Cellular Neuroscience 



www.frontiersin.org 



July 2014 I Volume 8 | Article 201 | 11 



